To better investigate Pneumocystis carinii f. sp. hominis epidemiology, we have developed a molecular typing method. Because of the limited genetic variability of the P. carinii hominis genome, a multitarget approach was used. Four variable regions of the genome were amplified by PCR, polymorphism in each region was assessed by the single-strand conformation polymorphism (SSCP) technique, and the results for the four regions of each patient were combined. Bronchoalveolar lavage specimens collected from 11 patients were examined. Four patients were probably infected by a single strain, since their specimens yielded simple SSCP patterns (two bands corresponding to one allele). The combinations of these patterns were unique, suggesting that the strains which infected these patients were different. For the other seven patients, complex patterns were found (three or four bands corresponding to two alleles). The presence of more than one allele of a region in a patient is likely to be due to coinfection. Polymorphism was also assessed by sequencing, which revealed variations at nucleotide positions previously reported to vary. About half of the observed alleles had already been reported by laboratories in different countries. Multitarget typing of P. carinii hominis by PCR-SSCP should allow investigation of strain diversity and thus be useful for future epidemiological studies.
Immunocompromised patients, such as human immunodeficiency virus (HIV)-infected individuals and transplant recipients, are at high risk for the development of P. carinii f. sp. hominis pneumonia (PcP) (8) . The lack of a long-term in vitro culture system has hampered progress in understanding the epidemiology of this pathogen (27) . For example, the relative contributions of reactivation of a latent previously acquired P. carinii hominis infection and of de novo infection are still unknown (24) , thus precluding appropriate preventive measures.
To further study P. carinii hominis epidemiology, typing methods are being developed. They generally rely on the amplification by PCR and sequencing of variable regions of the genome (14-17, 20, 26, 28) or the use of allele-specific PCRs and hybridizations (12, 21) . However, sequencing is both fastidious and expensive, while the allele-specific approach is limited to the analysis of only two variable regions. In the present study, we assessed a typing method consisting of the amplification of four variable regions of the genome of P. carinii hominis from bronchoalveolar lavage (BAL) specimens of patients with PcP followed by the detection of polymorphisms by the single-strand conformation polymorphism (SSCP) technique.
(Preliminary results of this work were presented in a conference report [10] .)
MATERIALS AND METHODS
Specimens and their processing for PCR. Twelve BAL specimens were collected in 1994 or 1995 from 11 HIV-positive patients during their first PcP episode and were diagnosed as positive for P. carinii by Gomori staining. Native BAL specimen aliquots, stored frozen at Ϫ70°C, were thawed, incubated for 5 min at 70°C to inactivate HIV and then at 55°C for 60 min in the presence of 0.5 mg of proteinase K/ml. BAL specimens were frozen in liquid nitrogen and thawed three times. Proteinase K was inactivated by incubation at 98°C for 15 min, and processed BAL specimens were stored at Ϫ20°C. To avoid crosscontamination, BAL specimens were introduced to and opened separately in a laminar air flow hood at the beginning of the procedure. In each experiment, controls were included to monitor cross-contamination.
PCR conditions. One to three microliters of a processed BAL specimen was added to a 25-l PCR mixture containing 0.2 mM each deoxynucleoside triphosphate, Mg 2ϩ -free buffer (InVitrogen, Leek, Holland), 10 pmol of each primer, and 0.625 U of Taq DNA polymerase (Boehringer, Mannheim, Germany). Hot starting was performed with HotWax Mg 2ϩ beads (InVitrogen). The primers (Mycrosynth, Balgach, Switzerland), annealing temperature, magnesium concentration, and pH used for each PCR are given in Table 1 . The 3Ј primer used for amplification of the intron of the nuclear 26S rRNA gene (hereafter referred to as 26S) has an 11-bp overlap with the previously described primer 4358 (19) . The 5Ј primer used to amplify internal transcribed spacer 1 of the nuclear rRNA gene operon (hereafter called ITS1) was described previously (26) . The primers used for the amplification of the variable region of the mitochondrial 26S rRNA gene (hereafter referred to as mt26S) were previously described primers (22, 29) shortened by 2 bp at the 3Ј end. No sequences homologous to the primers were found in the nucleotide database with the Basic Local Alignment Search Tool software (1) . Forty cycles consisting of 30 s at 94°C, 1 min at the annealing temperature, and 1 min at 72°C were carried out. The reaction began with a 3-min denaturation at 94°C and ended with a 5-min extension at 72°C. Negative controls were included for each experiment. PCRs were set up and analyzed in separate rooms. For reamplification, SSCP bands scraped from the gel were resuspended in sterile H 2 O for 4 h and amplified with the Expand high-fidelity DNA polymerase (Boehringer) at room temperature.
SSCP. Approximately 20 ng of a PCR product in loading buffer (gel buffer kit containing 2 mM EDTA and 0.002% xylene cyanol; Pharmacia, Uppsala, Sweden) was denatured at 95°C for 5 min and run in a nondenaturing 10% polyacrylamide gel (Pharmacia 48S Cleangel; bisacrylamide content, ϭ 2%), containing 5% glycerol, fitted on a Pharmacia Multiphor electrophoresis device. Temperatures, Pharmacia buffer kits, and times of migration used are given in Table 1 . The current was 115 V for 45 min and 600 V for the rest of the run. Gels were stained by using a silver staining kit (Pharmacia).
Cloning and sequencing of the PCR products. PCR products obtained with the Expand high-fidelity DNA polymerase were cloned into plasmid pCR-Script and introduced into Escherichia coli XL1-Blue MRFЈ in accordance with the instructions accompanying an Amp SK(ϩ) Cloning Kit (Stratagene, La Jolla, Calif.). About 1 ng of plasmid obtained according to the procedure of Del Sal et al. (6) was used for each PCR as described above. Universal M13 primers flanking the insert were used to generate PCR products which were sequenced bidirectionally by using an automated laser fluorescent sequencer and a T7 DNA polymerase kit (Pharmacia). Patient 2 provided the following alleles: 26S no. 1, mt26S no. 12 and 13, and ␤-tub no. 
RESULTS
Amplification of variable regions of the P. carinii hominis genome from BAL specimens. We amplified by PCR several putative variable regions of the P. carinii hominis genome from 12 BAL specimens collected from a total of 11 PcP patients. We found four regions that showed variation in SSCP analysis: ITS1, 26S, mt26S, and ␤-tub. The sizes of all PCR products were in agreement with published sequences.
SSCP analysis of the variable regions from 11 patients. Figure 1 shows the results of one representative SSCP experiment for each of the four regions amplified from the 12 BAL specimens collected from the 11 patients (patient 3 had two BAL specimens collected 16 days apart). A number of samples generated two SSCP bands for each region (for example, the ITS1 sample of patient 9). Each band of these "simple" patterns corresponds to one of the two single strands of the PCR product. That there are differences among these patterns indicates that there exist different nucleotide sequences within the regions investigated. Henceforth, each of these sequences will be called an allele of the region.
For each region, some other samples generated SSCP patterns with three or four SSCP bands (for example, the ITS1 sample of patient 1). These "complex" patterns could correspond to (i) various conformations of the two single strands of a single allele or (ii) the presence of two alleles. To investigate these possibilities, SSCP bands were reamplified by PCR and analyzed by SSCP. If there was only one allele in the sample (hypothesis i), this allele should be regenerable from each of the SSCP bands, thus producing the same complex SSCP pattern. This was not the case for any of the complex SSCP patterns shown in Fig. 1 , strongly suggesting the presence of two alleles (hypothesis ii). Each of the four reamplified bands of complex patterns with four bands generated a simple pattern (see, for example, the ITS1 sample of patient 2 in Fig. 2 ). In the case of complex patterns with three bands (Fig. 1) , two bands generated simple patterns but one band could regenerate the complex pattern, most certainly because this band contained one single strand of each allele which had migrated to the same place (see, for example, the ␤-tub sample of patient 7 in Fig. 2) . Thus, complex patterns are likely to be due to the superimposition of two simple patterns. Furthermore, a mixture of two ␤-tub samples which showed simple patterns when run separately generated a complex pattern corresponding to the superimposition of the two simple patterns (Fig. 2) . The presence of two alleles was confirmed by the fact that independent plasmid clones obtained by cloning the PCR product generated only simple patterns.
There were small variations or faint bands in the SSCP patterns (for example, the small variation in ITS1 patterns 1 of samples of patients 5 and 6, the faint bands at the center of the pattern of the mt26S sample of patient 3, and the faint bands above the SSCP bands of the ITS1 sample of patient 4 [ Fig. 1]) . These small variations and faint bands were not observed in each SSCP analysis of the same PCR product. Analysis of independent plasmid clones obtained by cloning the PCR product revealed that the faint bands corresponded to rare conformations adopted by one of the single strands in some, but not all, SSCP analyses. Cloning and sequencing of alleles of the variable regions. The results reported above suggested that among our samples there were two or three different simple SSCP patterns for each of the four regions. These patterns are represented schematically in Fig. 3 . The PCR products of patients were cloned, and independent plasmid clones were analyzed. Sequencing of both strands of a single clone generating each of the SSCP patterns shown in Fig. 3 revealed 1-to 4-bp polymorphisms when compared to the reference allele (Tables 2 to 5 ) (all alleles of the regions reported to date are included). Polymorphisms observed in the ITS1, mt26S, and ␤-tub regions were all at positions previously reported to vary among human isolates, except that at positions 54 to 57 of mt26S (the same polymorphism at the latter position was reported, but this apparently went unnoticed [16] ). About half of the observed alleles were previously reported.
DISCUSSION
Among the 12 BAL specimens from the 11 Swiss patients investigated in the present study, only a few polymorphic positions were observed in the four regions analyzed. Moreover, most of these positions and many of the observed alleles have already been reported from other parts of the world, indicating that there exists only a limited range of variation of the P. carinii hominis genome. This indicates the need for a multipletarget approach to generate sufficient information to define isolates as unique. In other words, a discriminant typing method should involve the analysis of several variable regions for each strain. Moreover, given the low degree of genetic divergence between the alleles-only 2 to 4% in the most variable regions of the genome (this work and reference 23)-typing would require very sensitive methods for the detection 
a Dots indicate homology to the reference allele (A) described in the first line. of polymorphisms. Typing by sequencing, which is the most discriminative method available and which has been widely used for P. carinii hominis (14-17, 20, 26, 28) , is both fastidious and expensive, thus precluding analysis of many samples as well as of several variable regions for each strain. The second widely used typing approach is allele-specific PCR and hybridization of oligonucleotides derived from ITS1 and ITS2 (ITS2 is the second spacer of the rRNA genes) (2, 4, 12, 18, 21) . This approach is limited to the analysis of only two variable regions. Moreover, differentiation of new ITS alleles would require the development of new PCRs or oligonucleotides.
In the present study, we used PCR-SSCP, a simple technique which has been shown to be able to detect single-nucleotide polymorphisms (11) . PCR-SSCP generated simple patterns with two bands and complex ones with three or four bands. In simple patterns, each band corresponds to a single strand of the PCR product, allowing easy interpretation. Our results suggest that 4 of 11 patients were infected by a single strain, since they each showed a simple SSCP pattern for all four regions. When the patterns obtained for each region were combined, the strains that infected these patients appeared to be different because the combination of patterns for each patient was unique. Complex patterns were more difficult to interpret. Our study demonstrated that they represent a superimposition of two simple patterns generated by two alleles of the region. The presence of two alleles in a single sample could be due to (i) coinfection by two strains, with each allele belonging to one of the strains; (ii) heterozygosity in diploid organisms; or (iii) the presence of two or more copies of the same region per genome, with variation between the copies existing. The possibility of coinfection is likely since coinfections have been demonstrated in rats (5) and ferrets (3). The 
• - possibility of heterozygosity in diploid organisms has been investigated in P. carinii carinii, the special form infecting rats, via DNA content measurements by fluorescence microscopy. Preliminary results suggest that trophozoites, the predominant form during infection, are haploid (30) . However, the possibility that the ploidy of P. carinii hominis differs from that of P. carinii carinii cannot be excluded. Finally, the possibility that there are several different copies of genes per genome has been investigated only in P. carinii carinii. In this organism, the presence of only one copy of the ␤-tubulin gene (7) and not more than two copies of the nuclear rRNA operon (9) has been demonstrated. As far as mt26S is concerned, the presence of two alleles in a single strain could also result from fusion of trophozoites during sexual reproduction. Thus, none of the three possibilities-coinfection, diploidy, and multicopy genes-which may account for the presence of two alleles in a single sample can be firmly excluded, although the possibility of coinfection is most likely. Moreover, the three possibilities are not mutually exclusive. Products of 7 of the 11 patients yielded a complex SSCP pattern for at least one of the four regions. Taking into account the two simple patterns that constitute each complex pattern, there are theoretically two to eight combinations of four simple patterns of the four regions for each of these patients. Since coinfection could occur, each of these combinations might correspond to a different coinfecting strain.
To validate a typing system, many criteria must be taken into account (25) . Because of the small number of specimens analyzed, only reproducibility, stability of markers, and specificity of our typing system could be evaluated. The results presented in Fig. 1 were consistently reproduced a minimum of three times for each BAL specimen. Two BAL specimens collected from patient 3 during the same PcP episode generated the same patterns for the four regions (Fig. 1) , suggesting that the four regions analyzed are stable over a period of at least 16 days. This stability is also strongly suggested by the fact that the same polymorphic positions and alleles of the variable regions analyzed in the present work were observed by several laboratories from various countries (Tables 2 to 5 ). The absence of a high mutation rate is also supported by a study which demonstrated the stability of four genetic loci of P. carinii carinii over a 2-year period (13) . In the present work, only the primers used to amplify ITS1 are specific to the P. carinii hominis genome; the other primers could use P. carinii carinii DNA as a template (results not shown). However, our results strongly suggest that none of the 11 patients was infected by P. carinii carinii. Indeed, in agreement with their 15 to 20% divergence (23) , variable regions of P. carinii carinii and P. carinii hominis generated different SSCP patterns (results not shown).
In conclusion, the described multitarget typing method for P. carinii hominis, involving the use of the PCR-SSCP technique, should allow investigation of strain diversity and thus be a useful tool for gaining a better understanding of the epidemiology of this pathogen. However, the possible occurrence of coinfections might complicate epidemiological studies. 
